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Introduction

Advanced coal gasificatn-based elctric power plants such as integrated gasification combined
cycle (IGCC) and molten carbate fuel cell (MCFC) caflor hot-gas cleanup following gasifi-

cation inorder to achieve high thermal efficiency. The Morgantown Energy Technology Center
(METC) hot-gas cleanup research program has focused on the development of high-temperature
removal methods for partiates and chemical contaminants. Chemical contaminants that have
received the most attention arefsubases, particularly hydrogen sulfide,(H S). However, other
chemical contaminants such as nitrogen compounds, must also be considered in the design of the
hot-gas cleanup train.

During gasificatbn, fuel-bound nitrogen in coal is principally released into the coal gas as
ammonia (NH ). When this coal gas is combusted in a gas turbing, NH has the propensity to
form oxides of nitrogen (NO ) which are difficult to remove hazardous pollutants and precursors
to “acid rain.” In MCFC applications, when theae exhaust gas is burned with air to supply

CO, for the regeneration of the carlat@ electrolyte, NOformed can eact with the electrolyte

to form relatively volatile nittes that eyaorate resulting in loss of electrolyte. Thus, it is

desirable to remove NH from the coal gas before use in IGCC or MCFCatjmpis.

Research sponsored by the U.S. Department of Energy’s Morgantown Energy Technology Center, under Contract No. DE-
AC21-92MC29011, with Research Triangle Institute, 3040 CdlieviRkoad, Research Triangle Park, NC 27709; telefax: 919-
541-8000.



According to publishedata, the NH concentration in coal gas can ¥eogn 200 to 5,000 ppmv
depending on the nitrogen content of coal and the configuration and operation of the gasifier. For
example, the coal gas from a Texaco entrained-bed coal gasifier gadiiyog ¢oal typically

contains 1,800 to 2,000 ppmv NH . In contrast, a fixed-bed coal gasifier (e.g., Lurgi) typically
produces about 5,000 ppmv NH whereas a fluidized-bed coal gasifier (e.g., U-Gas, Kellogg)
produces about 1,000 ppmv or lessgNH .

The NH; concentration in the exit coal gas appears to depend on the time-temperature history of
the gas in the gasifier, with longer residence time at high temperature (=C@digher)

favoring removal of N5 by thermal decomposition [NH (%2) N, + (3/2) B ]. However, the

NH; concentration does not reduce further via thermal decomposition once the fuel gas exits the
gasifier because of the low temperature dmattsesidence time in downstream process piping.

One potential approach for enhancing/NH decomposition would be to eseragenousatal-
yst in the hot-gas cleanup train to increase the decompositienTio be effective, the catalyst
must be active in the harsh coal gas emment and resistant to poisoning by Ht8am, and
other gases.

SRI International identified Ni- and MgS -based catalysts capable of decomposing NH in hot
coal-derived gas streams (Krishnan et al., 1988). The SRI study showed that, in the absence of
H,S, decomposition of N1 can be carried out readily in the temperature range of 550 @ 800
using Ni-based catalysts. The SRIdt demonsated that HTR-1, a propetary Ni-based

catalyst on a refraoty support from Haldor-Topsoe, exhibited excellectivity and high-
temperature stability. However, its tolerance to H Sfeaad to be a function of temperature.
Above 800°C, no catalyst deactivation was observed even in gas streams cor2@fidgpmv

of H,S. At lower temperatures, HTSR-gattivated rapidly when significant levels of H S were
present in the fuel gas. Molybdenum-basathlysts were also investigated as potentiaj NH
decomposition catalysts. Both General Electric (Aya®#93) and SRI International (Krishnan et
al., 1988) have reported on tbatalytic role of mglbdenum sulfide (Mos ) in ammonia decom-
position.

Objectives

The objective of this sty is to develop and demoreie catalytic pproaches for decomposing a
significant percentage (up to 90 percent) of the;NH present in fuel ggs to N,and H atgdelev
temperatures (550 to 90C).

Approach

The NH; concentration considered in this study was ~1,800 to 2,000 ppmv, which is typical of
oxygen-blown, entrained-flow gasifiers such as the Texaco coal gasifier being employed at the
TECO Clean Coal Technology Demonstration pla@sttalysts containing NCo, Mo, and W

were candidatefr the study. Before undertaking any experimentgtai@d thermodynamic
evaluation was condted to determine the concentration of NH inilerium with the Texaco
gasifier coal gas. Thermodynamic evaluations were also performed tateviile stallity of the



catalytic phaseffor the variousatalystaunder consideration) under NH decomposition con-
ditions to be used in this study. Twatalytic gproaches for decomposing NH have been
experimentally evaluated. The first approach est@dduring the early phases of this project
involved the screening afatalysts that could be combined with the hot-gas figgaition
sorbents (e.g., zinc titare)for simultaneous N5l andH S removal. In a commercial system, this
approach would reduce capital costs liyieating aprocess step. The second approach
evaluated was high-temperature catalytic decompositiBA@to 900°C. In a commercial hot-
gas cleanup system this could be carried out after radiative cooling of the gas to 800Go 900
but up stream of the convective cooler, the hot particulate filter, and the hot-gdsraasion
reacor. Both approaches were tested in the presence of up to 7,500 ppmv H Satesirfuel
gas or actual fuel gdsom a coal gasifier.

Project Description
Thermodynamic Evaluation

Thermodynamic calculations were performedétedmine the concentration of NH in dipd
rium with a coal gas stream typical of the Texaco entrained-bed coal gasifier. The range of
Texaco gas compositions selectedthermodynamic evaluation and experimental study is
shown in Table 1.

The equilibrium concentration of NH in a Texaco coal gas as a function of temperature (500 to
900°C) and pressure (1 to 20 atm) is shown in Figure 1. As expected, since the ammonia decom-
position reaction isrelothermic, the concentration of NH decreases with increasing tempera-
ture. However, at elevated pressures, thdliequm levels of NH; may be at a maximum at

about 600°C. This characteristic is attributed to a greater level of fOHnation at lower

temperatures that reducg H concentration. For example, &580d 20 atm, the calculated
equilibrium compositions of CH and,H are 28.1 and 2.6 vol%gesly. In contrast, at 900

°C, the equilibrium compositions of GH and H are 2.31 and 28.7 vol%gatsply. Hence, at
temperatures below 60, NH;

decomposition is favored by the removal of Table 1. Texaco Gasifier Simulated Gas

H, due to CH formation, and at higher Composition (vol%)

temperatures the equilibrium of the BiH
decomposition reaction (NH (*2) N, +

(3/2) H,) begins to determine the ddpium H, 28.5-31.1
NH; levels. Equilibrium values in Figure 1 co 38.0-45.7
indicate that the extent of NH decomposition

is thermodynamicallyimited, but NH CO, 10.0-12.9

decomposition >90 percent is possible in the

temperature range of 500 to 900 in H,O 12.5-18.1
Texaco gas. H,S 0.5.0.75
NH3 0.18-0.20

N, 0.0-1.62
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Figure 1. Equilibrium concentration of ammonia as a function of temperature
and pressure in a Texaco coal gasifier gas stream.

Thermodynamic calculations were also performed to ev@lthe stallity of the catalysts and
their desirable phases under NH decomposition conditions of interest in this study. For the
simultaneous NEI andH S removal approatiitesof the catalyst in reducing, sulfiding, and
oxidizing environment was considered. For the high-temperatiedytic decomposition
approach, tate of the catalyst in reducing and sulfiding emwiment at high temperature was
considered.

The activity of the sulfide-based catalysts (MoS ,,W& NH; decomposition could depend on
whether the catalyst can be kept in the sulfided state. Dugmamic calculations show that
MoS, will be stable af23°C (1,000 K) at an KHl StoH mole ratio of 0.0005 or higher. At the
same temperature WS will be stable at ratios higher@t@01. The product gas stream from the
Texaco gasifier contains sufficien,H S to keep these sulfides stable for the high-temperature
catalytic decompositionpmroach. However, in the simultaneous NH and H S removal
approach, the zinc titate ®rbent could reduce the,H S concentration in the bed dramatically.
In this environment, the sulfides may reduce &iahas the stable phase which may resulfide
once the H S concentration increases. Thermodynamic calculatioretéenthat vpor pressures

of the sulfided and metalli¢ates of the catalytic species of interest are insignificant in reducing
environment.



In the simultaneous NH and,H S removal approach, a combined desulfurization sorbent and
NH, decomposition catalyst need tang@ve oxidative regeneration. This implies thatatgwver

state they exist iduring regeneration, they should not disappear by vaporization. During
regeneration, all theatalytic and activeasbent species are likely to be converted to oxide or
sulfate.

Based on thermodynamic calculations, the only species among allatHigtic species with
considerable volatilityluring regeneration was found to be molybdenum oxide. Thermodynamic
calculations indicate that Mo O , Mo.® , and Mq:O are the domingrarspecies in
equilibrium with solid MoQ in the temperature range 525 to 825Equilibrium partial

pressures at 625C, for example, of Mg @ and Mo & vapor in the presence of 2 vgl% O are
4.4 x10° and 4.1 x 10 atm, respively, which may lead to significant loss of Moring
regeneration. One possible mechanism by which Mo vaporization could be reduced or rendered
insignificant is by formation of a bietallic speciesivolving Mo such as molylades. Among the
five metals(Cu, Co, Fe, Ni, and Zn) considered as possibly capable of forming ratdg)d
thermodynamic calculations irdited that Cu was the only metal tf@med a molybdte dove

527 °C (800 K). It efectively reduced the total par pressure of Mo-containing species by four
orders of magnitude.

Simultaneous NH; and H S Removal

Several catalysts containing Kip, Mo, and W (with Al Q , TiQ , and other oxides as supports)
were prepared and tested by themselves or in combination with a zinc titanetet.sSTo rank

the activities of the new materials prepared, a number of baseline materials were designated.
These included HTSR-1 and molybdenum sulGdéelystf CRC-653 and CRC-530) tested by

SRI International (Krishnan et al., 1988), L-3787M, molybdenum-doped zinatéaeveloped

for the General Elctric (GE) moving-bed dedulization system (Ayala, 1993), and ZT-4, a
granulated zinc titanat®oent prepared by the Research Triangle Institute (RTI) for fluidized
beds (Gupta and Gangwal, 1992). The tests were cteatlusing fixd-bed microeactors at SRI

and GE and a 2.0-in. high-temperature, high pressure (HTHP) bench-scale fluidizeddied r
system at RTI. These systems have been described in detail in a previous paper (Gangwal et al.,
1993) and a topical report (Gupta and Gangwal, 1992). Identical analytical systems including a
photoionization dtectorfor NH; measurement were installed wiach reactor systefor cross-
checking of results.

Unforturately,none of thecatalysts andabentcatalysts prepared exhibited significant NH
decomposition activity at temperatures u 2% °C in Texaco coal gas containing up to 7,500
ppmv H S. In contrast, the HTSR-1 exhibited significant ammonia decompcsttioity at

800 °C or higher in the presence of H S. Thus the simultaneoys NH and H S removal approach
was deemphasized in favor of the high-temperatatalytic decompositionpgproach. Selcted
highlights of results for the simultaneous NH and H S removal approach are presented in the
Results section.



High-Temperature Catalytic Decomposition

A number of commercial catalysts, including HRF$, were tested for this approach. All tests
were condated using a simulated Texaco gas (Table 1) eXoept 100-h test described below
at METC using a mobile skid-mounted reactor systeampgxopretary information about the
catalysts tested is presented in Table 2.

Four sepaate reactor systems have been deedtesting theseatalysts. Initial screening of these
catalysts at atmospheric pressure wagdected using d..0-in. quartzeactor system (Gupta and
Gangwal, 1992) modified for operation with BH up to 88 Further screening of selected
catalysts at high pressure wamdicted using a HTHR.0-in. quartzeactor system (Krishnan et
al., 1995) at RTI. This speciaactor system consisted of a quartz insert within a HIH?
stainless steel reactbousing so that N§1 and,H S came in taar only with the quartz at high
temperature.

Finally, two 100-h tests of a selted catalyst wereoadwcted by RTI and GE, respectively. The

RTI test was condied using a mobile skid-eanted reactor faldy with a hot slip stream of

actual coal gaBom the METC 10-in. dia fluidized-bed coal gasifier. Thislliigcis described in

detail elsewhere (Gangwal et al., 1994). The schematic of the skid-mounted NH decomposition
reactor system used at METC is shown in Figure 2. As seen, the hot coal gas edi@iaddia
catalytic reactorwrounded by a 3-zone fuane. The nominal composition of the hot-coal gas is
shown in Table 3. Reactor pressure was controlled using two back pressure regulators in series
with an electronic mass floweter MFM) in between. This@nfiguration maintained theactor
pressure at 150 psig alwhited the pressurdrop across thBFM to within specifiedimits. The

MFM signal was sent to jgroportional controller to control coal gas floate with a Badger
high-temperature flow control valve. The system was designed to ruaca eplocities up to

5,000 sc/(cch) with one liter of catalyst. The inlet and outlet coal gas were sarigulédH,

Table 2. Catalysts Tested for High-Temperature Catalytic DecompositioApproach

Catalyst Composition/ Bulk
Designation Vendor Support Density Shape/Size
HTSR-1 Haldor-Topsoe Ni on refctory 1.6 Cylinder (1/8" x 1/8")
support
G-47 UCI 3% Fg Q@ on 1.1 Sphere (1/4")
SiO, /Al 04
C11-9-02 UCl 12% Ni on ceramic 1.1 Rings
(5/16" x 5/16" x
1/8")
C-100 N CMP 10% Nion 0.5 Powder

stabilized A} G, (90 to 150um)
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Figure 2. Schematic of skid-mounted reactor system.

measurement (by ion chromatography) using Table 3. METC Gasifier Coal Gas
an acidic impinger. Also, condeate samples were Composition

periodically collected upstream and down-
stream to provide an integed measure of

NH5 and its decomposition. Vol%
CH, 2.87
The GE 100-h test was coradad using a H,S 0.13
bench-scale reactor system shown in Figure 3, H, 14.14
with simulated coal gas 800 °C and 8.5 atm. Ar 0.48
Due to high operating temperature and high CO, 11.21
H,S levels to be used (7,500 ppmv), the CcO 11.87
reactor was madeom a 3/4-in. nominal pipe N, 48.50
using a HR-160 merial (a highly sulfur H,O 10.47
resistant materidtom Haynes International). NH5 0.33

The reactor had an inside diametedf5 cm
and the system was designed to operate con-
tinuously at 900 C with space velocities of up i®,000 sc/(cch). The analytical system was
similar to thatfor the RTI system described above.

Results
Simultaneous NH; and H S Removal
Numerousatalysts were prepared and tedtadhis approach. Thesmtalysts are summarized

in Table 4. Nearly all the tests were performed at “@5which was initially the target test
temperature.



To Scrubber
and Vent

NHa/H, Q—D—M—:—@—E) 3-Way Cooler/
Valve X Condenser

Y o Catalytic
> = Reactor
= = Spectrometer
co O—D—|><1—|:|—®— Reactor
Tube Coalescing
Furnace Filter

\A4
N2 Q—D—M—:HX)— Preheater
Stainless \

8
AN
ATV

Air Preheater  Steel Coils
Mass Flow Furnace
Controller

Water Pump

Figure 3. GE-CRD bench-scale ammonia decomposition reactor system.

Table 4. Catalysts Tested for Simultaneous NiH andH S Removal

HTSR-1 + ZT-4 (zinc titante) Co/TiO
MoS, (CRC-653) Mo/TiO,
MoS, (CRC-530) Co-Mo/TiO, + ZT-4
ZT-4 WITIO,
Ni/TiO, - ZrO, W-Mo/TiO,
Ni-Mo/TiO, - ZrO, Zn0 - WG,
Co-Mo-L-3787M (zinc titaate) Co-ZnO-WG; -ZrG

Highlights of the results are as follows:

» HTSR-1 exhibited exceller#ctivity for NH; decomposition in simated Texaco gas viout
H,S, at 725°C. With H, S the catalyst was poisoned but the activity could be restored at
800°C even in the presence ofH S.

* MoS;-based catalysts show low activity NH; decomposition. Suate area stalzation
with ZrO, was necessary for thesatalysts to have any activity at all.



» The catalysts containing N;o, Mo, and W on a high sade area Ti©® wpport showed
moderate activity (typically 10 to 20 percent decompmsjtior NH; decomposition at 725
°C. The TiQ support sintered extensively at 7€5and required stabilization with Z§O .

* Mixing the Ni, Co, Mo, and Watalysts with zinc titanat@ent allowed theatalysts to
function longer. As the sorbent got loaded with H S, the exit H S level increased, thereby
decreasing the activityor NH; decomposition.

High-Temperature Catalytic Decomposition

Screening TestsResults are presented fatalyst screening and the t@00-h tests described

earlier. Figure 4, which shows an activity comparigwrthe three fixed-bedatalysts in Table 2,

clearly indicates the superiority of HRSL. In a sepate experiment witk11-9-02 at 850C

and atmospheric pressure, the inhibiting effect £f H S-containing coal gascents was

evaluated. It was found that replacing coal gas wigth N increasedtiveéy of C11-9-02 from

about 40 percent decomposition to >90 percent decomposition. This phenomenon was reversible,
i.e., when coal gas was restored, the activity fell backdoral 40 percent decomposition. The
number of catalysts to be testeither was narrowed at this point to HTSR-1 (for fixed beds)

and C-100N (for fluidized beds).

80 | HTSR-1

1800 ppmv NHs3 in Texaco Coal Gas,
850 °C, 10,000 h-1

(o))
o
I

ucCl
4
40 C11-9-02

<4— UCI G47
20 p
]
240

360 420 480 540
Time (mlnutes)

Ammonia Decomposition (%)

Figure 4. Activity comparison for HTSR-1, UCI C11-9-02, and UCI G47.



The ability of HT&R-1 to increase throughput was ead by testing it in Texaco gas at a space
velocity of 20,000 sc/(cch), 1 atm, and 850C. Under these conditions, the conversion ranged

between 54 and 70 percent over a 50-h test. Screening tests at high pressure weratden initi
for HTSR-1 and C100-N.

The results of screening tests at 11.2 atm are shown in Figures 5 and 6. Figure 5 showed that
under identical conditions, the HTSR-1 wastbr tharC-100N. The decomposition over HTSR-

1 was initially about 75 percent and skiabd at aound 50 to 60 percent. But, the decomposition
on C-100N e@cayed rponentially, indcating thatunder these conditions tlcatalyst was

continuing to deactivate. Another interesting experiment to evaluate the effegt of H S was
conducted in the stedy-gate regimdor HTSR-1 as shown in Figure 6. For a period of timg, H S
was removed from the coal gas. This increaseacheity to aound 90 percent decomposition.
When H, S was restored, the activity very quickly fell back to its earliedwtgate value. This
result clearly indicates partial but reversible poisoning ofNH decomposition s888 &« by

H,S.

100-h Tests

The results of the RTI 100-h test at METC watttual coal gas (Table 3) is shown in Figure 7.
The conditions used for this test were 146 psig (10.8 atm); Z8and 4,975c/(cch) space
velocity. During the test period, ammonia decomposition averaged 91.7 percent based on
impinger sampling and 87.4 percent based on coadieisampling. No catalyst deactivation was

100
Temperature: 850 °C (1562 °F)
90 Pressure: 150 psig (11.2 atm abs)
Space Velocity: 10,000 per hr (@STP)
c 80F 0] Coal Gas Composition: CO = 38%; CO, = 12.85%; H, = 28%;
2 .*~ H,0 = 18.1%; N, = 1.62%; H,S = 0.75%; NH3 = 1800 ppmv
g 70+ o L
o HTSR-1
- o
e 60 o °° 4 0% ©
8 50} *
a °0° o ° ® *
4 40 I~
c (@)
Q 30 (@) O o oo C100N
S 0° 000
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Figure 5. Comparison of high-temperature ammonia decompaosition
on HTSR-1 and C-100N catalysts.
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observed over the test. One interesting observation was made during the test.cldranlet
coal gas preheated 80 °C dropped in temperature to 780 in the bed. B under identical
preheat and flowanditions remained at 85@ in the bed. This suggests that an endothermic
reaction may be ocering to absorb éat.

The results of the GE 100-h test carried out using a atedilTexaco gas (containifigh00

ppmv H S) at 8.5 atm, and 90C are shown in Figure 8. The average inlekNH on a dry basis
was 1,950 ppmv (or ~1,550 ppmv on a wet basis). During operation ate \spocity ofL0,000

hl, the average outlet NH concentration was reduced to 310 + 100 ppm (wet) over the course
of the run to give an NiH conversion of 80 percent. At a reducszksgelocity 05,000 ht,

outlet NH; concentration was further reduced to 200 + 40 ppm to give an NH conversion of 88
percent. Under the test conditions, #lguum limitations were not present since theilgum

NH; was estimated to be 10 to 11 ppm.

During the first 40 hours of the test, sooaalyst deactivation was seen, but the activity

stabilized thereafter. When theactor was sawed apart at the end of the test, itovas that a

single layer of catalyst pellets had fused against the reactor walls. This layeroffasédction

of the flow area in the tube and may have contributed to the decrease in activity over the first 40
hours. Although no further analyses were made, owofs, such as catalyst sintering may

have also contributed to the initial loss of activity.
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Figure 8. GE 100-h test-ammonia decomposition on HTSR-1 catalyst.



Applications

The two 100-h tests demorste that HT®-1, a nickel-basedatalyst on a refraoty support, is
capable of decomposing up to 90 percent of thg NH in typical coal gasifier gases. Further work
is needed to reduce the cost of the catalyst and developfidimasuch as monolith, that could
operate in the presence of particles. Also continued research is rieededelopment ofatal-

ysts that would work at relatively lower temperatures down to°80®\lternative technologies

to catalytic decomposition include the use ofiventional selctive catalytic reduction (SCR)

past the turbine at low pressure or using modified advanced turbines that could requce NO
emissions. Because of the low pressure, high volumetric flow rates, and lpw NO concentrations,
the SCR approach is likely to be very expensive. While work is ongoing on the turbine modifi-
cations @proach, it vll be difficult to achieve a very high level, i.e., > 90 percent,NO reduc-
tion in large-scale applications using thigpeoach kcause of difficulties in scaleup.

Future Activities

Discussions are under way for development of an H S-resiststial that could be effective
at temperatures as low as 500 for simultaneous §1 S removal and NH decomposition. A
topical report Wl be submited to METC summarizing theosk to cate.
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